A better patient cardiovascular stability to haemodialysis (HD) 
Introduction
The evolution of hemodialysis therapy has been characterized by the search for a more tolerable therapy. A better patient cardiovascular stability during haemodialysis (HD) could be gained by customizing the therapy prescription and delivery. The development of a patient-dependent model able to describe the mass transfer among body compartments results to play a key role in guaranteeing more accurate treatment planning.
The kinetics of fluids and osmotically active solutes is based on diffusion and takes place in the filter chamber. A deeper understanding of these phenomena during HD sessions can be attained coupling mathematical models to computer simulation.
Several single pool models, allowing accurate determination of the concentration of a specific solute [1] are present in the literature; double pool models also exist to study a single solute exchange [2, 3] . Actually these models are not able to describe the physiopathological mechanism affecting plasma refilling and inducing intradialysis discomfort. Mathematical models were also proposed by Kimura (1983) , Sargent and Gotch (1989), Pastan et al. (1989) , to predict such volume changes by considering a 2-pool kinetics for water, urea, and sodium [4] . More comprehensive mathematical models, including a 3-pool water kinetics, have also been proposed. These models show the limit to be independent of the patient peculiar characteristics (e.g. age, gender and concomitant pathologies), moreover they were often interfaced to a HD filter with averaged clearance and dialisance characteristics.
The development of a new model able to describe the single patient fluids and electrolytes transfer among body compartments results therefore to play a key role to guarantee more accurate treatment planning.
On the other hand the possibility to monitor on-line the signals from the machine and the patients can help in exploring the relationship between patient's peculiar response to the treatment and the variation of the monitored parameters. A number of sensors have been developed including urea and blood volume sensors, the question now is how to powerfully and automatically use the data acquired from these sensors to improve dialysis outcomes and morbidity [5] . The possibility to monitor patient or machine parameters would also allow the calculation of indexes able to characterize the patient response to HD.
Methods
Patients and data collection The data were collected at the Renal Unit of Bollate Hospital-Milan (Italy), where 18 patients on thriceweekly standard haemodialysis through artero-venous fistula were enrolled. All the patients gave written informed consent. A total of 256 sessions were acquired (Tab.1); 7 sessions were discarded because of recording devices failure. The treatment duration ranged from 3.5 to 4 hours. Inclusion criteria were: dialytic age ranging from 6 to 72 months and residual diuresis lower than 250 ml/die. Table 2 . Recorded data and acquisition timing.
Characteristic
Every usual or unusual event occurring during each session, such as fluid infusion or hypotension episodes, was recorded by the attending nurse.
Ultrafiltration rate (UF) was set at the beginning of each session and kept stable. The weight loss amount was chosen in order to reach the theoretical patient dry weight at the end of the session. This theoretical dry weight was assessed by the clinician as that weight below which unacceptable symptoms, such as cramping, nausea and vomiting, or hypotensions occur. Peripheral edema and pharmacological therapy variations in the previous two months were also documented for each patient.
Compartmental model design
A three-pool model of the patient on HD was developed and interfaced to a dialysis HD filter model.
The three-pool model allowed to study the fluid and electrolyte transfer among the cellular, interstitial and vascular compartments. Calcium (Ca ++ ), Magnesium (Mg ++ ), Phosphate (HPO4 --) and Glucose transfer were studied in addition to Sodium (Na + ), Potassium (K + ), Chlorine (Cl -), Bicarbonate (HCO 3 -), Urea and Proteins. Diffusive and convective mass transfer between blood and interstitial compartment and between blood and dialysate were modeled. Protein transport through the cellular membrane was also described. The scheme of the model is reported in Fig.1 . Sodium and potassium transport between intracellular and extracellular compartments take place both by diffusion ad active transport: s therefore represents the ratio between intracellular and interstitial concentrations at the equilibrium.
Glucose transport was modeled considering that the molecules are firstly fast transported through the cellular membrane in the intracellular area called occluded space by means of the specific carrier GLUT-1, and then slowly diffuse from this area to the free intracellular space [6] .
The model was customized taking into account capillary permeability and arterial compliance variation according to the patient age. The effect of different dialysis filters was also considered; the characteristics of five different filters were modeled.
The model was developed in C++ language. The system of Ordinary Differential Equations (ODE) was solved using a class of algorithms implemented in BzzMathBasic and BzzMathAdvanced libraries [7] . The chosen algorithm, available in these libraries, uses the classic Runge-Kutta methods at the fourth order. The main function solves both water and solute mass transfer equations.
The data pertinent to 13 of the 36 sessions when blood parameters were monitored, were used to develop the compartmental model of fluid and electrolyte transfer between body compartments. The data from the other 23 sessions were used to validate the model.
Plasma Refilling Index definition
Based on the whole set of recorded data the Plasma Refilling Index PRI was calculated [8] . This index was defined as the ratio between instantaneous blood volume (calculated based on Hemoscan® outputs) and total body water and supplies the plasma refilling rate variation with respect to the set ultrafiltration rate.
The relationship between PRI and systemic pressure trends was investigated. Statistical analysis of intraindividual and inter-individual PRI trend variations was performed.
Statistical analysis
Mean and Standard Deviation for the input, the output and the characteristic parameters of the treatment were evaluated all over the sessions. ANOVA analysis was performed on the recorded data to investigate the homogeneity of the studied population.
Results
The developed model allowed to describe in each patient the variations in electrolyte concentration in the vascular compartment and to evaluate the effects of dialysis settings variations.
Model validation
The model was experimentally validated by using 23 HD sessions (18 patients), comparing the course of solutes and osmolarity predicted by the model with in vivo determinations.
Initializing the model with measures already available at the beginning of the treatment and comparing model output versus recorded data it is possible to establish that in the 93% of the sessions the blood volume estimated by the model deviated from optical sensor values less than 20%; the average deviation was 9,3±1,2%. Sodium and chloride showed deviations lower than 10% even in the 100% and 95% of the sessions respectively. 
Parameter sensitivity
The analysis of the model sensitivity to parameter variation was evaluated. The parameters that mainly affected the outputs in terms of blood volume were the capillary permeability at the arterial (L a ) and venous (L v ) side. A further analysis on the influence of these two parameters showed that a 10% increment in the L v value induced 3% variation in blood volume, while the same increment in L a induced only 0,7% variation in the blood volume. This observation allowed to assess that the main parameter responsible of blood volume alteration is venous capillary permeability, and that this quantity has to be accurately estimated for each patient to properly characterize the cardiovascular response to HD.
Three-pool model
The model resulted to be useful in the description of the patient behavior during a dialysis session. The effects of different filters on solutes concentration resulted not negligible. A mathematic relationship between ultrafiltration rate and the venous capillary permeability was found for nondiabetic patients. Fig.3 
Plasma Refilling Index evaluation
The outcomes of PRI calculation all over the monitored sessions confirmed that PRI trend was characteristic of each patient. Figure 4 shows the repeatable PRI trend in six different sessions recorded for the same patient. No symptomatic hypotension episodes took place during the monitored sessions, therefore these recordings did not allow to verify the capability of the index to detect symptomatic hypotension episodes [8] .
Moreover, statistical analysis confirmed the presence of two different PRI trends during the first hour and during the rest of the treatment already highlighted in [8] .
Standard deviation course showed an increasing trend during the first hour, highlighting increasingly high PRI variation during this period. After the first hour standard deviation becomes quite constant and PRI trend results almost constant during each monitored session. In a limited number of sessions, during the second part of the treatment the average PRI resulted higher than in the first part; this can be attributed to dry weight overestimation.
